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. Application of Solidification Theory to

Rapid Solidification Processing

1. Technical Report Summary

This semi-annual technical report for ARPA Order 3751 covers the
period October 1, 1981 to March 31, 1982. Significant accomplishments

during that period were achieved in the following areas:

Extended Solid Solubilities -- for Production of Alloys with New

Compositions and Phases

0 At high growth rates in Ag-Cu alloys, ﬁicrosegregation-free
single phase structures were obtained for all compositions
investigated, thus confirming that extended solid solubility
could be obtained completely across the phase diagram fn this
alloy system.

(] It was found that the solidification velocity required to produced
this single phase structure was lowest for dilute alloys and
alloys near the eutectic composition, consistent with theoretical
predictions.

(] At intermediate growth rates, for Ag-Cu alloys with 9% Cu or greater,
structures consisting‘;f alternate bands of segregated and

segregation-free material were obtained.

Interface Stability -- for Production of More Homogeneous Alloys

o Influence of trace impurities on interface stability during
solidification of dilute A) alloys was analyzed and strong
destabiliaing effect for some elements was found.

o Structural variation with composition which cannot be explained
in terms of conventional cellular patterns was observed fn

in Al-Mn alloys.




(] Electron beam surface melting procedures were developed which
allow the formatfon of continuous deep rapidly solidified
layers.

Interface Kinetics -- for Production of Alloys with Finer Segregation

(] A theory was developed to predict the effect of interface
attachment kinetics on the growth rate of dendrites in supercooled
metals.

(] A kinetic coefficient equal to 200 cm/(sK) was estimated for
pure nickel from the sound speed; this value provides a good fit
to dendritic growth data at high velocities.

Prevention of Cracking Caused by Residual Stress -- for Production of

Alloys with Improved Surface Structures -

0 Response of three different types of metals to the residual
stresses developed during electron beam surface melting was
characterized.

Task Objective
The objective of this work is to develop guidelines based on kinetic

and thermodynamic solfidification theory for predictfon and control of
rapid solidification processes. In particular, segregation effects and
rules governing the formation of equilibriim and non-equilidbrium phases,
including metallfic glasses, will be fnvestigated. Aresas where signfficant
improvements in alloy properties can be produced by rapid solidification
will be emphasized.

Technical Problem and General Methodoloqy

Rapid solidification techniques make it possible to produce new
’
types of materials having significantly better properties than conventionally

processed materials. However, improved predictive techniques and control




of rapid sqlidification processes are needed. The current studies are
focussed on the science underlying areas where improved materfals can be
obtained in order to provide such prediction and control. This work is
both theoretical and experinental.

Three major ways in which rapid solidification technology provides
fmproved materials are:

A. Production of alloys with new conpositions and phases

8. Production of more homogeneous alloys.

c. Production of alloys with improved microstructures, including finer

segregation, and inproved surface structures

The genera) method followed in this work has been to fdentify criticsl
questions in these three major rapid solidification application areas
where solidification theory, when properly developed and checked by
experioent, can provide inproved understending of inportent repid
solidificetion processes. This understanding then s pursued to provide
guidelines that can be used by alloy producers to obtafn new {nproved
meterials and to select optinun alloy compositions and processing con-
ditions for repid solidification epplicetions.

Accorplishnents to date on this contrect and work in progress in
each of these aress will now be described in more detatl.

Suemary of Technica) Results, Important Findings, Plans and Implications

for Future Nork

In applicat.ion A, particular success has been achieved during the first
three years of this contrect in (1) eveluating conditions which control

critical solidificaton velocities for production of metallic glass alloys,




and (2) determining conditions that control achievement of extended solid
solubilities in rapidly solidified alloys. The work on critical solidifi-
cation velocities for metallic glass formation is nearing completion.
Emphasis now is on investigations of extended solid solubilities. Important
findings and planned future work on these metallic glass and extended
solid solubility types are discussed, respectively, in the following two
paragraphs.,

(1) By rapid quenching of Pd-Cu-Si alloys of varying copper composition,
NBS investigators were able to determine maximum solidification velocities
for dendrite and eutectic crystallization and, consequently, the conditions
for glass formation. A sharp transition from crystalline to amorphous
solidification was consistently found when the solidification velocity
was increased above about 2-20 mm/s in these alloys, depending on
composition. These results then were used to relate glass-forming
tendencies to phase diagram features as well as to kinetic models of
crystallization based on the diffusional sorting of solute in the liquid.
At some compositions and velocities, independent nucleation of crystallites
occurred even in the presence of a substrate. Nevertheless, the experimental
results generally confirmed the importance of solute redistribution on the
maximum crystal growth rate in these alloys. Crystal growth rates rather
than nucleation rates were the main factor in determining whether amorphous
or crystalline solidification was obtained. In carrying out this work, a
directional solidification apparatus was built which allowed direct
knowledge of fast solidification velocities. These velocities usually
have not really been known in previous rapid solidification investigations.
(2) Principles which allow prediction of maximum thermodynamic limits on

extended solid solubility in rapidly solidified alloys and phase sequences




for metastable alloys have been formulated. However, because of kinetic

limitations, it may in some cases not be possible to obtain the amounts

of extended solid solubility that would be thermodynamically allowed.

Experiments are being performed to test the predicted kinetic and

thermodynamic limits on extended solid solubility. Here again, it will

be important to establish the rapid solidification velocities that are

sufficient to prevent the sorting of constituents into two-phase rather

than one-phase structures. Electron beam surface melting and refreezing

of Ag-Cu alloys is being used to investigate these effects more thoroughly.
In.application B, it was predicted that, when solidification occurs

rapidly enough, the stable shape of the solidification interface is planar

rather than cellular or dendritic. Then, interdendritic alloy segregation

will be avoided and a more nearly homogeneous al]oy obtained. Planar

interfaces are also stable at very slow velocities. However, at intermediate

velocities, nonplanar (cellular or dendritic) interfaces are produced.

Calculations indicate that the high velocity planar regime will occur at

practical rapid solidification rates in a number of.alloys. Experiments

are being performed on aluminum alloys to test this prediction. An

electron beam melting system has been modified to produce a measurable

energy distribution in the beam during surface melting. When this beam

is pulsed or scanned across the surface, solidification velocities produced

during the refreezing process can be calculated to allow comparison of

experimental observations with theory. Conditions under which stable inter-

faces can be maintained are being investigated as a function of solidification

velocity and alloy composition. While elements having high solute dis-

tribution coefficients, k, such as manganese and silver, should not be

destabilizing even at rather high concentrations (fractions of one percent)




at solidification velocities of 1 to 10 cm/s, results to date indicate that
other solutes, such as nickel, tin, or iron, having much lower distribution
coefficients can cause instability at these same velocities when present

in much lower concentrations. Investigations of the microstructures formed

in these alloys, their causes, possible effects of non-equilibrium at the
interface, and implications for rapid solidification processing are continuing.

In application C, three effects of rapid solidification on alloy
microstructure are being investigated; (1) microsegregation in rapidly
solidified alloys, (2) formation of amorphous layers on alloy surfaces,
and (3) stresses leading to cracking of rapidly solidified surfaces are
being investigated.

(1) A large number of alloys can be expected to exhibit cellular
growth and consequent fine scale intercellular segregation even at very
high solidification velocities. To investigate this segregation a quanti-
tative theory of microsegregation during rapid solidification has been
formulated which shows the influence of cellular spacing, solidification
velocity, and the amplitude of the instability at the interface on the
magnitude and distribution of the intercellular segregation. This
fine-scale segregation is important because of the precipitation processes
that may be produced and because of the well-known correlation between
segregate spacing and mechanical properties.

(2) Methods have been devised for producing, on Pd-Cu-Si substrates,
by electron beam surface melting and refreezing, continuous amorphous
layers up to 200 um thick without optically visible crystals being
formed. The formation of glassy surface layers, paréicular]y if extended
to other alloys, could produce special desirable surface properties on
otherwise crystalline materials. The overlapping strip method used to
produce these deep glassy layers is also being applied to studies of

surface layers in crystalline materials.
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(3) Several deleterious effects can result from the residual
stresses generated during surface melting, such as cracking in the melt
zone or substrate and distortion of the substrate. Cracks produced after
electron beam surface melting and refreezing at various sweep velocities
and power inputs are being investigated to provide possible guidlines for
avoidance of this persistent problem which occurs in many instances where
rapid solidification is used for surface modification purposes. Materials
with less extreme susceptibility to plastic deformation, hot tearing and
brittle fracture will be used to define more clearly the variation of

defect structure with processing paraneters.
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2. Report of Technical Progress and Results

Extended Sol'id Solubility

The goal of this research is to determine experimentally the solidification
velocity required to produce microsegregation-free single phase alloys in
the Ag-Cu alloy system. For alloys exceeding the equilibrium solubility,
such a microstructure indicates extended solubility. The Ag-Cu system
has been chosen because the phase diagram has a simple eutectic between
two fcc phases and the thermodynamic functions are sufficiently well-
known to permit a determination of the Ty curve, which is the locus of
points on the phase diagram where the liquid and solid free energies have
the same value. In addition, the metastable solidus curves of the Ag-
and Cu-rich phases appear to be retrograde such that solubility extension
beyond these retrogrades must be accomplished by solute trapping.

Two solidification mechanisms can produce segregation-free crystal]fne
solids: planar growth and partitionless solidification. The solidification
conditions required for planar growth with equilibrium partitioning at
the interface are well known. For growth at high velocities, capillarity
provides a stabilization of the planar interface. This regime is referred
to as absolute stability and applies only when the net heat flow is toward
the solid. Partitionless solidification arises from the kinetics of
interface motion. Solute is trapped by the moving interface causing the
partition coefficient to deviate from the equilibrium value. Solute
trapping occurs at high interface velocities when the interface temperature
is below a temperature determined from thermodynamic considerations. In
the limit of partitionless solidification, when the partition coefficient
is unity, this temperature is the T, temperature for the composition at
the interface. A major goal of this research is to determine the relative

contribution of these two mechanisms.
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Alloys were prepared for electron-beam surface melting by induction
melting of 99.99% pure components in a graphite crucible under vacuum and
chill casting in a carbon-coated copper slab mold. Ingots were cold-
rolled to 3 mm thick sheets. For the surface melting experiments, the
substrate must be prepared with either no microsegregation or microsegregation
fine enough to ensure complete mixing during surface melting. The
following procedure was found to be adequate for solidification at
velocities up to 400 cm/s. Alloys containing 1 and 5 wt% Cu were
homogenized for 20 hrs. at 750 °C. Alloys containing 9, 15 and 23 wt% Cu
were surface melted using overlapping electron-beam passes to a depth
of ~ 0.5 mm at a scan speed of 3 cm/s. This produces a dendrite arm
spacing in the range of 1 ym. These slabs were then rolled slightly to
eliminate surface topography produced by the e-beam melting. Alloys
containing 28.1 wt% Cu (the eutectic composition) required no pretreatment
due the fineness of the eutectic structure.

Surface melting experiments were performed by electronically scanning
a 25 keV electron beam focussed to approximately 1 mm with a current of
50 mA across the surface of the p;epared substrates. Scan velocities
between 1.5 cm/s and 400 cm/s were possible. At the slow scan speeds
welds were typically 0.6 mm wide and 0.2 mm deep while at 400 cm/s the
welds were typically 0.2 mm wide and 0.02 mm deep. Samples for
metallography were obtained as sections transverse to the scan direction
and occasionally the other two perpendicular sections. TEM samples were
obtained by punching half disks, 3 mm in diameter, from 0.1 mm thick
transverse slices through the weld zone. Thin foils were obtained by ion

milling,
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Significant effects arise from the change in weld puddle shape as
the scan rate is increased. The local solidification velocity is equal
to the product of the scan velocity with the cosine of the angle between
the scan direction and the local growth direction. Because of this
factor, growth velocities at the top center of the weld puddie for high
scan speeds may differ from the scan velocity by a factor of two. Four
general types of microstructure are observed depending on solidification
velocity and composition. a) At high growth rates, microsegregation-free
single phase structures are obtained for all compositions. The velocity
required to produce this structure is lowest for dilute alloys and alloys
near the eutectic composition. At low growth rates, b) conventional
dendritic (cellular) or c) eutectic structures are obtained. d) At

intermediate growth rates for alloys with 9 wt% Cu or greater, a structure

consisting of alternate bands of segregated and microsegregation-free material

is obtained. The bands form parallel to the local interface. The growth
rates required to cause the various changes in microstructure for the

different compositions will be described in the future.
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Experiments on Interface Stability and Segregation with Electron Beam System

Electron beam surface melting can provide a very well-controlled
method for producing rapidly solidified regions on the surface of bulk
metal substrates. The electron beam facilities at NBS, and the techniques
for operating them, have been continuously upgraded so that it has become
possible to better characterize the melting conditions and to make deeper,
smoother, and more uniform layers of rapidly solidified material for
metallurgical evaluation.

One important objective of rapid surface solidification is to produce
highly homogeneous surface layers. We report here work relating to
achieving this objective by two different methods;

(a) by crystalline solidification at high velocities and

(b) by the formation of continuous layers of metallic glass

Analysis of the influence of several different solutes on the
morphological stability of aluminum during rapid solidification has
indicated that while elements having high solute distribution coefficients,
k, such as manganese and silver, can be present in rather high concentrations
(fractions of one percent) without causing interfacial instability at
solidification velocities of 1 to 10 cm/s, other solutes such as nickel,
tin or iron having much lower distribution coefficients can cause
instability at these same velocities when present in much lower
concentrations, on the order of 10-4 percent. Assuming equilibrium
partitioning of solute at the solid-liquid interface, the relative
influence of the low k elements is greater at higher.velocity (the absolute
stability regime). If, however, the solidification velocity is sufficiently
high to give non-equilibrium partitioning effects (solute trapping), then

the relative influence of low k elements may be greatly diminished. In
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the velocity region where the distribution coefficient varies strongly
with velociiy, the stability analysis becomes much more complex.
Unfortunately very little information is available concerning the velocity
dependence of k.

As a result of these considerations it is probable that minute
amounts of impurities such as iron account for our observation that
aluminum containing Mn or Ag is less stable than predicted at solidification
velocities of a few centimeters per second but can nonetheless be made
stable at high concentrations by solidifying at velocities which may be
sufficient to produce solute trapping (as produced by melt spinning).

Metallographic analysis of electron beam melt spots on Al1-Mn alloys
showed a structural variation with composition which is difficult to
explain in terms of a conventional cellular structure and is suggestive
of velocity-dependent distribution coefficient effects. Conditions
which in a 1% Mn alloy produce a cellular microstructure which is very
strongly lamellar in a longitudinal section produced in an 0.1% Mn alloy
a structure which in the same longitudinal section appears much more like
a three-dimensional network of cells. A complete characterization of
this structure, however, will require simultaneous determination of its
appearance in orthogonal section;. Comparison with the theory of interface
stability 1ncluding the effects of a velocity-dependent distribution
coefficient s rendered difficult by the absence of any information on
the form of k(v) and the possible influence of minute concentrations of
ifmpurities. *

The most extreme case of a homogeneous metallic solid is the metallic
glass, and we have found that electron beam surface melting can be used

to make relatively thick extensive layers of amorphous materials. This

12
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study used palladium-copper-silicon alloys in which it is known that

coupled growth of the crystalline phases cannot take place at velocities
of greater than a few millimeters per second. Such sluggish growth kinetics
suggested the possibility that if the electron beam is scanned rapidly
across the surface to produce a single amorphous melt pass, which is

known to be quite easy in.this material, then successive overlapping
passes could be used to generate additional amorphous material without
resulting in significant crystal]iiation in the previous passes. Thus
even though the amorphous material is raised to a high temperature by
successive passages of the electron beam, any crystals which might form
cannot grow more than a few microns before the local region again cools to
ambient temperature.

The strateqy used to produce continuous amorphous layers was thus to
start with a crystalline slab 6-8 mm thick, form a line of amorphous
material by a single sweep of the electron beam across the surface, allow
sufficient time for the sample to cool thoroughly, and then sweep the
electron beam across the surface again, offset from but overlapping the
first sweep. The process was continued to generate a strip of any desired
width of overlapping melt passes. The time allowed between successive
passes was 30 or 60 seconds. This time was more than enough to allow the
amorphous material to cool to a temperature close to that of the substrate,
but was kept long to allow sufficient transfer of heat from the substrate
to the water-cooled copper chill plate below it. The individual melt
passes were approximately 1 mm wide and the offset bgtween passes was
typically 0.5 mm,

Continuous amorphous strips were formed by this process, although
usually with extensive cracking of the substrate as discussed in another

part of this report. Crystals which were present within the melt zones

13
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[» . had microstructures indicative of growth radially outward from nucleation
[ sites, thus indicating that the sweep speed of the electron beam is
significant not because of any possibility of the crystals growing with

this speed but because it determines the time which the local region may

spend at elevated temperature.

Crystallization of previously formed metallic glass by subsequent
melt passes was concentrated near the bottom of the melts with the result
that a continuous layer of glass remained near the surface if the sweep
speed was sufficiently high, Matefial transport by the moving beam was
extremely prominent in these experiments, with the result that the final
surface was greatly depressed below the original surface in the region
where the melt passes started, and elevated above the original surface by
a corresponding amount at the opposite end. |

Using the overlapping scan method, continuous glassy layers up to
200 um thick without optically visible crystals were formed. This
required sweeping the electron beam across the surface at velocities of
60 cm/sec or more. Further optimization of processing parameters could
result in thicker amorphous layers, since the overlap method has been
shown to work and some glass was formed at depths of over 500 um.

When the same process is attempted with Cu-Zr, very little glass is
formed. Although this is also a relatively easy glass former, when the
melts are several hundred micrometers deep the cooling rates are not
sufficient to prevent the crystals in the substrate from growing up to
the surface in most places.

In addition, attempts to produce a wide strip of thick glassy material
on Pd-Cu-Si by rapidly (several kHz) oscillating the electron beam in the

direction perpendicular to that with which it swept over the surface of

14




the slab resulted in amorphous material only along the sides of the strip.
Although no heat flow analysis of this melting mode has been carried out,
it is clear that the attainable cooling rates are slow except at the
edges of the strip or for very thin melts. The overlapping strip method
as described above is thus the most effective way to obtain deep layers
of rapidly solidified material, and it is being applied to studies of
surface layers in crystalline materials, where the transient heating of
the earlier melts is not as critical as in the glassy materials.

Theory of Interface Kinetic Effects and Interface Stability

Significant departures from local equilibrium at the crystal-melt interface
can exist for solidification at rapid rates. Perhaps, the highest measured
crystal growth velocities (50 m/s) are those of Ni dendrites gruwing into
pure undercooled melts as reported by Walker and Colligan and Bayles.

Recent theoretical (Langer and Muller-Krumbhaar) and experimental (Glicksman
et al.) advances in our understanding of dendritic growth allow accurate
calculation of the heat transport limited rate of dendritic growth as a
function of melt undercooling. Inclusion of interface kinetics into the
heat transport model of dendritic growth has been performed in collaboration
with Professor David Turnbull to extend the model to high solidification
velocities. We have used previous results on the effect of interface
kinetics on the nmorphological stability of a solidifying sphere to

calculate the effect of interface kinetics on the dendritic tip radius

and hence the growth rates. An interface kinetic coefficient based on

the estimated velocity of sound in molten nickel pro#ides a good fit to

the dendritic growth data at high velocities as a function of melt

undercooling.
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The details of this research are given in an appendix in a manuscript,
"Relative Reles of Heat Transport and Interface Rearrangement Rates in
the Rapid Growth of Crystals in Undercooled Melts,” by S. R. Coriell and
D. Turnbull to be published in Acta Metallurgica.

Prevention of Cracking Produced by Electron Beam Surface Melting and Refreezing

Surface layers of rapidly solidified material can be produced on
bulk metal substrates by pulsed or scanned energy beams (lasers or electron
beams). Such layers may have improved hardness, wear or corrosion
resistance, or other desirable properties but in many cases the potential
benefits are offset by the harmful effects of the residual stresses
developed during the surface melting process. The origin and the effects
of these stresses are essentially the same as those developed during
conventional welding processes, but the magnitude of some of the controlling
parameters such as temperature gradients may be sfgnificantly different.'
Several deleterious effects can result from the residual stresses
generated during surface melting. The most important can be listed as
follows:
(a) The most severe type of defect arising from surface melting fs
cracking, which may occur in the melt zone or the substrate
or both. The prevalence of this type of defect is dramatized
by the frequent publication of photomicrographs of surface
melts containing conspicuous cracks, when the authors would
presumably prefer to have obtained melts without cracks.
(b) The residual stresses from surface melting can also cause severe
distortion of the substrate. This problem becomes dramatically
clear when one attempts to carry out surface melting of large

areas on relatively thin (less than about 5 mm thick) substrates.

16
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(c) The inhomogeneous nature of the residual stresses can be expected
| to provide & multitude of favorable sites for stress corrosion
cracking and other forms of electrochemical degradation.

(d) The fact that surface melting almost always results in a surface
which is in a state of tensile stress means that even if cracks
are not present immedistely after solidification, the surface
will still be a favorable site for crack inftiation,

| The importance of these different effects will depend upon the alloy
being melted, the application for which it {s fntended, and the mode of
surface melting which is employed. Because little attention has untf{l
now been devoted to these effects, we have started studies of residua)
stress effects with the ultimate objective of 1déntlfy|ng procedures
which may ameljorate or eliminate the problems.

. The most practical way to produce extensive rapidly solidified surface
layers on a metal is to scan an energy beam over the surface of a2 materfal
to produce a continuum of overlapping small weld Vines, This mode of
melting can be contrasted to the mode frequently used for laser annealing
of semiconductors, in which a pulsed laser beam melts a wide but extremely
shallow layer on the material surface. In the latter case, the heat flow
1s one-dimensional and residual stresses may be small or absent but this
mode of melting is impractical for most metallurgical applications where
deeper melts are desired.

17




When 2 smal) melt spot is scanned across the surface of a metal, the

deleterious effects mentioned above have their origin in the thermal

( contraction of the solid material as it cools, and in some cases also in
the change of volume which accompanies solidification. As the scamning
velocity of the melt spot increases, the heated area surrounding the melt
zone changes in shape and size ond the response of the system to the
stresses developed during cooling also changes. Realistic analysis of
the stresses developed during this type of process is rendered difficult

¢ by the temperature dependent elastic/plastic behavior and, especially i
the case of highly alloyed matertals, the possibility of large deviations
from equilibrium during solidification. Of particular importance in

' surface melting of many alloys are hot tearing phenomens in which cracks

form by the pulling apart of the materfal in the solute-rich regions

between dendrites or between grains,

For the case of meliting by & circuler energy spot sconned across & metal
surface, it has been shown (1) thet the critical paremeters controlling
the melting are qa and Va/2a, where q s the absorbed power density,
¢ is the spot radtus, U is the velocity with which the spot wmoves, end o i
the therma) diffusivity. For a statfonary spot on o given meterial,
critical value of qa is needed to initiate surface meliting and the surface
reaches the vaporization temperature at & higher critical value of qe (2).
The latter condition bears a relation to the development of the deep
penetration mode of welding, which s not generally desired for surface
meliting. As a result the range of useful values of qa for surface melting
is relatively narrow, from approximately 2.3 x 105 W/m to 4 x 105 W/m for
dluminum, When the enerqgy spot moves, the melt pool does not differ

18
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greatly in shape from the stationary spot for Ua/2e valves less thom
wity. Although the shape of the melt pool has not been computed for
UVa/2e>), it is clear that the melt pool trails incredsingly for behing

the moving spot and that the rear edge becomes iacreasingly pointed. WMith
increased velocity the melt pool also diminishes in size and evenludlly
disappears unless the qé value is simuitinecusly increased. These chenges
in shape of the melt pool with increasing velocity 1ead Lo changes in Lhe
residua) stress patterns,

Clectron beam surface meliting by this type of scanned ciccular spot
produces different residual stress reactions ia different alloys, as is
expected on the basis of elestic/plastic properties and solidificetion
phenomena. [n some ceses the residud! stress effects vary significantly
with the melt scon velocity. In our experiments, melts were carried out
by electronic deflection of o 25kV electron Desn ot velocities from 2 to
100 cw/sec. The free surfaece and/or polished sections were cxenined for
evidence of residuel stress releted defects.

In pure aluminum Cracks cannot De generated by either hot tesring
during solidificetion or subsequent brittle fracture. Instesd, this
material responds to the mratsd stresses by plastic deformetion, and
1f the surface s sufficiently clean an abundance of slip lines decome
visidle. Those slip lines extend across the surface of the melt zone and
extend without discontinuity iato the metrizx on either side. At high
velocities the s)ip lines are more prominent and sre visible at a
larger distam' to the side of the melt path than they are ot lower
velocities. It is not clear, however, if this difference indicates o

grester amount of slip at high velocities, or & concentration of the slip

19




isto 2 wmaller sumber of more visidle Daads. Further eiperimpets
using single crystal sudstrotes may resolve this Question.

When repeated overlapping meits are carried outl 00 pure dlumiavm to
produce & rapidly solidified surfoce layer, (e free swrface \s covered
with & pattern of intersecting slip limes which strosgly resendle Uhe
scratehes om & partially polished metallogrephic somple. |a some Coses
these slip lines could Do the Nimiting foctor wilh respect (O Lhe oMOOLWMESS
of the trested sample curface, Dot wiwdlly they dre rather smiil io
mp)itude Ccompired to the overdl) serface relief coused by the meiting
process.

In contrast to pure sleninem, 2024 4110y wilh I1ts high Copper Conteat
Shows extensive craching i1n response to serfoce meiting. A series of
melits was made on this allay wsing gé velues Detween ) 10% om0 ¢ & 10%
w/m ot velocities from 2.5 & 102 to 1 a/s, corresponding to Ye/2e from
0.05 to 2. s these esperinents the electron beem rediys ¢ wes weld
constont ot epproximetely 3.5 » 104 m.  within tals renge of pacometers,
the craching pettern shoved 1ittle evidence of varistion with gqs byt »
cleer veriation with velocity. S1ip 1ines were never seen ia this mgtertal,

AV1 of the crecks which were observed sppesred to be hot teering -
f.e., they occurred in solute-rich regions, either bDetween graing of
detween dendrites.

A velocities of 5 1 10°2 m/s or less, cracks were very small and
were frequently interdendritic os wel) as intergramulor. They showed o
strong tendency to Vie perpendicular to the tocal solid-1iquid interface,
the shape of which is delineated by surface ripples.




M 2 syuep velecity of 10} mis, severe craching Decomes evieent,
Ihis eccurs mostly in the farm of & single large ¢crochk rumming dlong the
conter ling of the moit pass. Occasiond) crachs are diso presont ryaniag
invard frem the s1qes of (he mit, el they dre umililer thon (e comtrel
Crach and ire windlly sot directly commoctod o 1. M 1M solority ond
ot 1) Nigher velocities, e Crachs ocCnr ¢'most euclusively slong greta
bounderies.
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The constraints imposed by capillarity on the disposal of the heat
releascd in crystal growth have been evaluated in scveral reéent publications
(1-8). These evaluations have increascd the accuracy with which the upper
limiting rates of crystal growth (i.c., the heat transport limited rates) can
be computed. The rates of growth of crystals into undercooled metal melts are
thought to approach these upper limiting rates closely, reflecting relatively
high rates of the melt - crystal interfacial rcarrangement processes. In this
near heat transport limited regime the displacoment, ATi. of the crystal-melt
interface temperature, !’. from the thermodynamic cquilibrium temperature, Tm,
1s ncgligible compared with AT = T.-T. where T is the ambient, i.e., heat
sink, tomperature. However, if the interface moves ATi must be displaced
from 2¢ro by an emount proportional, ncar equilibrium (Tm>>ATi) and with the
fraction (f) of interfacia] growth sftes constant, to the rate, V, of the

odserved moticn. in particuvler, (9)

v-vf—'- ak 0)
°ﬁk8 B

where 85, is the molar entropy of fusion at Ts N 1s Avogadro's number, and
I‘ is the &olt}nann constant, vo fs a kinetic constant proportional to the
Interfacial regrrangcmcﬂt frequency and f. It can hardly exceed the limit,
which should be of the order of the sound speed Voo 1mposed.by the collision

frequency of atoms or molecules from the liquid onto the interface (9, 10).

Ths
as atT
\i 1
’R‘ka Ty ‘

Exposure of the actual ATi and vo should be most favored under conditions
where the ambicnt undercoolings and attendant crystal growth speeds are very

large.
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Perhaps the highest measured crystal growth velocities are those of Ni

and Co fnto their pure undercooled melts, reported by Walker (11) and Colligan
and Bayles (12). In their experiments colums of the bulk melt were undercooled
by varying amounts up to 250-300° and then seeced at onc end. V wads determined

from the times at which the freely moving dendrite tip passed thermal sensors

sited along the column.

The growth retes at given ambient undercooling, AT, were fairly reproducible
to aT20.17_, but scattercd widely at 81>0.17_, presumably because of the
perturbing influence of dynamic nucleation events which frequently accompanied
the rapid growth in this AT regime. The AT dependence of V was approximately
described by:

¥ ¥ A(a1)? . (3

with A = 0.142 ond 0.17 cm/(sec (K)2?) for N{ and Co, respectively. While stil}
on 1ts parabolic course V {n both metals had reached levels near 50 meters/sec

at a1 ? 0.17,. This velocity would require an fnterfacial undercooling

a1, 3 0.015T_ since v, in these 1iquids fs expected to be ~ 3000 meters/sec.
Therefore it should be substantidly and measurably less than the calculated
heat transport limited (1.e., aT, = 0) rate. ’

This paper presents the theory of heat transport limited crystal growth
as modificd to allow for the restraints imposcd by the interface rearrangcment
process and its-application to the assessment of the relative importance of
heat transport and interface kinetics in the growth of Ni crystals {n their

pure undcrcooicd melts.
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For an isothermal dendrite (paraboloid of revolution) with tip radius R

propagating at constant velocity V, solution of the heat flow equation leads
to the relationship -

[k /G L )I(AT - 8T;) = p exp(p)Ey(p), (4)

wﬁere p= VR/2.<L is the Peclet nuhber, E] is. the exponential integré], KL

{s the thermal diffusivity of the liquid, L, is the latent heat per unit
volume and k is the 1iquid thermal conductivity. Equation (4) provides one
relationship between the three variables AT, V, and R. The theoretical work
of Langer and Mul1er-Kruhbhaar (1-2) establishes that a second relationship
can be obtained:from morphological stability theory. further, an excellent
approximation to the more rigorous result of Langer and Muller-Krumbhaar can
bé obtained froim consideirations of the morphological stability of a groQing
sphere. Such an approximate theory has been shown to provide an excellent fit
to the extensive dendritic growth data on succinonitrile (5-6). We will use
previous results on the effect of'interface kinetics on the morphological
stability of a sphere to obtain a second relatio&sh%p between AT, V, and R.
By combinin§ this second relatioq?hip with eq. (4), we obtain the dendrite
growth velocity V as a function of bath undercooling aT.

We consider growth into a undercooled liquid of a perturbed sphere of
radius Rs.' Above a certain radius, perturbations of the form of spherical
harmonics th grow more rapidly than the sphere. From eq. (13) of reference
13, this radius }above which the sphere is unstable) is given by

Rg = (R*/2)(1 + (M/N)(L + o))} X "

QU+ 0148 (W)L - Tay/ (1 + (WR)(L + o120, (5)

~
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R* = ZTMr/(ATS) ' . (6)

and

Vg = (LT /RI/ + T /(L uRITY. (D)

In these equations M= 1+ (1 + ks/kL)L.‘N = £-2, L = %(z-l)(£+2),.a] = kL/(Lv“]R*)’
r = y/Lv, y is the solid-1liquid surface free energy, kS is the solid thermal
conductivity and W = (V/ATi) is fﬁe linear interface kinetic coefficient. We
have used the subscript s on V, R, and AT to indicate that these quantities
pertain to the spherical geometry. Eqs.-(5-7) are based'on the use of Laplace's
equation for the thermal field which, strictly speaking, restricts their
validity to small values cof kL(AT - ATi)/[KLLV]; however the time dependent
. _.stability analysis of Wey et al. (14) indicates a larger range of validity of
the time independent analysis. Since the r&dius of the dendrite or sphere is
more than an qrder of magnitude greater than the nucleation radius R*, we have
neglected any débendence of the bath undercooling oﬁ‘sﬁrface tension.

Eq. (5) gives the radius above which the perturbations grow more rapidly
than the sphere itself (see discussion'of absolute and relative stability in
reference 13); using this value for the radius seems more reasonable than
using that above which the perturbation growth rate is positive.

In psing the results of morphological stability theory for a sphere to
obtain.a relationship between AT, V, and R relevant to dendritic growth, it is
necessary to decide the manner in which the sphere (ATS; VS and Rs) models
dendritic growth. The basic hypothesis is that the dendrite radius is that
for which the sphere is at the stability-instability demarcation and we take R

= Rs' Since V is an interface quantity while AT depends in part on the behavior
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far from the inte}face; it is perhaps more reasonable to require that Vs =V

rather than ATs = aT. We will actually consider both of these possibilities.

We denote as the RV method the case where R = Rs.and V= Vs and as the RT
method the case where R = Rs'and AT = aT. ' T

' The only adjustable parameter is the integer 2 wﬁich is related to the
form of the perturba;ion of the sphgrg. Since £ = 1 and £ = 2 perturbations
groﬁ more slowly than the §phere, we require £ 3 3. Presumably, £ should
réfléct the symmetry of fhe crystal, which for a cubic material suggests £ = 4
or 6 although Langer (2-3) has argued for £ = 5 for a cubic materia}.' For

£=4and k = k§’ eq. (5) reduces to

L

]

R = {R;/4}(83 + 90y H1 + 1+ 576a]/(83‘+ ga])z]%}

fx);when interface kinetics are sufficiently rapid, i.e., o« o, RS is proporticnal
to R* with the proportiona]ity constant dependent on £ and kS/kL. For example
for a = 0, the above equation gives.RS = 83R*/2. We also hote that when
interface kinetics are included the dendrite can not be isothermal and eq. (4)
which is based on an isothefﬁéi paraboloid of revolution is a reasonable but
‘not exact approximation. Approximate corrections to eq. (4) have beeﬁ derived
. |

e In the RV method R = Rs and V = Vs, and we use eq. (7) to eliminate ATS

from eq.:(S) and write the right hand side of eq. (5).as_a_function of R and

V. For a finite rate of the interface process eq. (5) gives a transcendental

relationship between R and V which is solved numerica]ly.'!Eq. (84) with

ATi = V/u] is then solved numerically to obtain V as a funcfion of AT. For

infinite interface kinétics'(i.e., v. = »), eq. (5) can be solved explicitly,

S
viz.,
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R2 = [ZTMrkL/(LvV)][l + ML/N].

| ——

In the RT method R = Rs and a7 = ATS, and for a given AT, R can be calculated

from eq. (5); eq. (4) is then solved numerically to find V as a function of
aT. .
- Calculations have been carried out for the growth of nickel dendrites.

The following values of the physical properties were used:

kL = ks = 0.9 J/(cm s K)
KL = 0.155 cm?/s
L, = 2350 J/cm?

Y = 0.4 (107%) J/cm2

T

W = 2.9 (1075) K em
'./ \)

s 3.0 (10°) cm/s
¥ = (VSASf/NkaH) = 2.0 (102) cm/sK

The véIueg of Lv, Tm and the heat capaéity of the melt were taken from
the tabulation of Hultgren et al. (15) while the déns}ty of Ni at Tm was
. set equal to 7.9 gm/cm3 (16). We found no report of the thermal conductivity
of molten Ni but the listed ks of crystalline Ni was obtained by extrapolating
. the results in the tables of Touloukian et al. (17) to Tm. Since these authors
presented arguments that the change in the thermal conductivity of Fe upon‘
melting is quite small we have assumed fhap kL = kS for Ni. The reduced,
or scaled, crystal melt interfacial tensioﬁ, a, is defined by

= (813 %
* * (. v ) LV '
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where V is the molar volume. Studies of the kinetics of crystal nucleation

in undercooled melts suggest (9) that for most metals a ¥ 0.6 at the onset

temperature of measurable nucleation while the theory of Spaepen (18) gives
an upper limiting value o« = 0.86 at fm for metals crystalliziné to a f.c.c.
structuré. For our calculations we have set y = 0.4 x 'lO'4 J/cm2 corresponding |
to the assignment o = 0.7 to Ni. The speed of sound in molten Ni could be

-computed from [see Kleppa (19)] the relation

vg = (B,/0)*

where Ba is the adiabatic bulk modulus and p is the density of the melt.
We know of no measurement of B, of molten Ni. Bundy and Strong (20) report

that the isothermal bulk modulus, BT’ of crystalline Ni at Tm is approximately

P P 1012 dynes/cm2 and that Ni expands about 6% on melting. Invoking
the Gruneisen relation between B and volume (%%%% N - YG) with Y v 2 vie

12 gynes/en® for molten Ni at T,. It is likely that B,

estimate BT ~ 0.85 x 10

exceeds BT b; 10 to 15%; thus our assignment Vg &‘3 X 105 cm/s seems reasonable.
The results of the calculations are indicated by the solid curves in

Figures 1-3 for bath undercoolings of 10-200 K. We have indicated the ex-

perimental data by the dashed line corresponding to Walker's measurements

(1), viz., V = 0.142 (aT)2 in the undercooling range 20-175 K. While d#ta is

available up to 250 K, fhe scatter becomes very large above 175 K (11).

Colligan and Bayles (12) fit their data with V = 0.28 (A.'I‘)l'a which yields

highér velocities for aT<30K and smaller velocities fof AT>30K than the quadratic

expression, The max?mum discrepancy is a factor of 1.4 at AT = 175 K which

gives an indication of the scatter in the measurements. The calculated curves

in Figs. 1 and 3 are based on the RV method while Fig. 2 is based on the RT
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method. Figures‘l and 2 give results for three different kinetic coefficients,

viz., u; = =, 200, and 40 cm/(sK). The intermediate value of 200 cm/(sK) was
estimated from the spee§ of sound while the other two values were used to
jndicate the sensitivity of the curves to the interface kinetic coefficient.
lﬂ Figs. 1 and 2, £ = 4 was used; Fig. 3 shows how the value of L affects the
‘calculated results. The difference between 2 = 4, 5, and 6 is clearly smaller
than the discrepancy between theory and experiment and the scatter in the
experimental data. For u; = 200 cm/(sK), good agrcement between calculated
and experimental values are obtained for large values of AT. The largest'
disagrecment occurs at small values of AT, e.g., at AT = 20K, the experimental
velocity (calculated from V = 0.142aT2) is 57 cm/s while the RV method (Fig.
1) gives 16 cm/s'and the RT method gives 30 cm/s. While convective effects,
which have been ignored in calculations, could cause enhanced growth rates, an
eséimate of the type developed by Glicksman and Huang (21) indicates that such
enhancement would be insignificant for the range of supercoolings considered.
Better agreement between theory and experiment could be obtained by using
different values of the physical properties. For exqmp]e. if the thermal
conductivities and diffusivities are doubled or the surface tension is halved,
the velocities at aT = 20 and 200 K increase by 90 and 20%, respectively.

. It is of interest to examine the magnitude of various quéntities at the

~ higher undercoolings. For example, for the RV method with £ = 4 and

AT = 175 K, the calculated velocity is 5.14(103) cm/s and the tip radius is
1.83 (1075) cm. Hence, the kinetic undercooling aT; = 25.7 K, the dimensionless
quantity, k (aT-aT.)/{x L ] = 0.37, and the Peclet number cquals 0.30. The
Gibbs-Thomson lowering of the melting point ZTMr/R = 3.2 K, which is negligible
compared to the total undercooling of 175 K. For the RT method with £ = 4
and AT = 175 K, the calculated velocity is 4.28(103) cm/s and the tip radius

is 2.34(1075) cm.
- ' 3




Our cilc&\ations show that at the largest undercoolings the growth of N{
dendrites into their melt is significantly retarded by the resistance of the
tnterfacial rearrangement process. _?6r example, at an ambient undercooling
~ 0.1 T_ we calculate that the interfacfal undercooling is ~ 0.015 T_ or 15% of
the ambient. At this large undercooling the measured speed of the dendrite
tip is,'within the experimenfal and calculational uncertainty, equal to that
calculated by assuming that the rate of the interface process is limited only
by the collision frequency of melt atoms with the interface. Theére is no

evidence for thermal activation of this process. -
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Fig. 1.

Fig. 2.

Fig. 3.

; Figure Captions
Dendritic growth velocity of nicke) as a function of bath undercool ing.
Solid curves are calculated for £ = 4 forAthree values of the intcrface
kinetic coefficient. Experimental growth velocities are indicated by
dashed line for which ¥V = 0.142 (aT)?.
Dendritic growth velocity of nickel as a function of bath undercooling
with the same parameters as Fig. 1. The assumptions of the RV method
and of the RT method are used in the calculations of Fig. 1 and this
figure, respectively.
Dendritic growth velocity of nickel as a function of bath undercooling.
Solid curves are calculated for £ = 4, 5, and 6 for the estimated kinctic
coefficient of 200 cm/(sK). The dashed line indfcates experimental data.
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